Objective: We aimed at assessing the molecular adaptation of the renin-angiotensin system (RAS) after successful kidney transplantation (KTX).
Introduction
Therapeutic blockade of the renin-angiotensin system (RAS) with either angiotensin-converting enzyme inhibitors (ACEi) or angiotensin receptor blockers (ARB) has proven safety and effectiveness in chronic kidney disease (CKD) patients. Yet, despite their widespread prescription, RAS blockers remain controversial in hemodialysis (HD) patients and kidney transplant (KTX) recipients. [1] [2] [3] [4] [5] [6] [7] [8] [9] There is strong evidence that the kidney crucially determines RAS regulation. 10 Being responsible for the secretion of renin, the rate-limiting enzyme of the RAS, this organ is the central mediator of angiotensin II (Ang II) generation representing the "classical" RAS axis as well as formation of Ang-(1-7) as the central mediator of the "alternative" RAS axis that opposes the biological effects of Ang II. 11, 12 Upon KTX, the allograft is transferred into the recipient's molecular and hemodynamic environment and becomes crucial for blood pressure regulation including salt and fluid homeostasis. During this process, the donor kidney needs to adapt its regulation of renin secretion to the recipient RAS. Unfortunately, accurate information on the molecular RAS regulation dynamics after KTX remains scarce to date.
In the 1990s and early 2000s, small animal studies suggested that KTX has a profound and long-term effect on the recipient's systemic as well as local RAS. 13, 14 So far, human RAS analyses after KTX have mainly focused on clinical outcomes with conflicting findings regarding beneficial versus detrimental effects of RAS blockade. [15] [16] [17] Recently, plasma renin activity and aldosterone concentration were measured serially in kidney transplant recipients for five years. 17 Here, relatively normal values were found in the majority of patients. Despite these data, no analysis has simultaneously compared renin, angiotensin and aldosterone levels in humans before and after KTX.
In recent years, the RAS has regained momentum by further insights into the so-called "alternative" RAS axis, composed of angiotensin-converting enzyme 2 (ACE2), Ang-(1-7), the cascade's end-product Ang-(1-5) and the MAS receptor, which counteracts the vaso-constrictive, pro-inflammatory and pro-fibrotic effects of the "classical" RAS axis comprising ACE/Ang II/AT 1 receptor. Currently, promising new drugs interfering with mediators of both axes are entering the clinical application phase. 18 Additionally, recently developed analytical methods allow novel insights because of higher specificity, accuracy and sensitivity. [19] [20] [21] [22] Various forms of RAS blockade are routinely used in the majority of HD and KTX patients. 23 Hence, an in-depth analysis of the RAS activity should yield critical information about the effects of KTX on renal hemodynamics along with insights about potentially beneficial effects conferred by the RAS.
Here, we present a detailed analysis of the individual molecular RAS regulation in maintenance HD patients who successfully received kidney allografts. The implications of these findings are discussed.
Materials and methods

Patients
The present analysis was carried out as a prospective single-center, exploratory study according to good clinical practice guidelines. Approval of the local Ethics Committee of the Medical University of Vienna was obtained (EC#022/2012) and all participants provided their written informed consent prior to participation. We recruited 12 consecutive patients who were in stable clinical condition on maintenance HD three times weekly and actively listed for KTX. Patients were not affected by any sort of infection at the time of blood collection and all were clinically judged as normovolemic. All patients had previously received dietary counseling and were advised to follow a low-salt diet. All participants received a deceased-donor renal allograft within the year following their recruitment. After stabilization of renal function (six to 12 months after KTX) and after conditions secondary to end-stage renal disease (i.e. secondary hyperparathyroidism and volume overload) as well as transplant-associated complications (i.e. post-transplant diabetes mellitus) had subsided, we conducted a follow-up analysis. This comprised a clinical examination with blood pressure measurement, laboratory analysis including renal parameters (estimated glomerular filtration rate (eGFR) according to the Modification of Diet in Renal Disease (MDRD) formula), update of medication as well as the molecular analysis of the RAS.
Laboratory methods
Blood sample collection for the quantification of angiotensin metabolites was conducted at the beginning of the HD session after the long interdialytic interval at the prefilter bloodline site and via cubital venous blood collection after KTX. Six milliliters of heparinized peripheral blood were collected from each patient and chilled on ice immediately. Plasma was obtained by centrifugation (4°C) at 2000 g for 10 minutes and 2 ml of plasma were stored at −80°C until analysis. Previous results of our research group have shown similar qualitative outcomes using protease inhibitor-stabilized and equilibrated patient samples for angiotensin peptide quantification. 24 Thus, plasma was ex vivo incubated at 37°C for one hour and stabilized by addition of an enzyme inhibitor cocktail (Attoquant Diagnostics). Stable isotope-labeled internal standards for each angiotensin metabolite (Ang I, Ang II, Ang-(1-7), Ang-(1-5), Ang-(2-8), Ang-(3-8), Ang-(2-10), Ang-(2-7), Ang-(1-9) and Ang-(3-7)) were added to stabilized plasma samples at a concentration of 200 pg/ ml and subjected to liquid chromatography tandem-mass spectrometry (LC-MS/MS)-based angiotensin quantification by Attoquant Diagnostics (Vienna, Austria) as described previously. 19, 25, 26 Renin and aldosterone concentration were measured with a chemiluminescence immunoassay (DiaSorin LIAISON analyzer).
Statistical analysis
Normally distributed data are presented as mean values with standard deviation (SD) and paired Student's t-test was performed to determine differences following KTX. Non-normally distributed values are described as medians (interquartile range (IQR)) and Kruskal-Wallis test was applied. For the relationship analysis between renin and angiotensin concentrations, linear regression analysis was carried out. The IBM SPSS System for Mac version 22.0.0 (SPSS Inc, 2010, Chicago, IL, USA) and GraphPad Prism Version 6 were used for all analyses.
Results
Patient characteristics
The average time on maintenance HD at the time of the first RAS analysis was 27 months; the median amount of residual urinary output was 600 ml/24 hours (IQR 0-1950). Underlying renal diseases were heterogeneous: One patient had diabetic nephropathy, another was affected by vascular nephropathy, one had polycystic kidney disease, two had glomerular disease and seven patients had atrophic kidneys without known causes.
In general, patients attained good renal function after KTX with an average serum creatinine of 1.4 mg/dl (±0. 4) and eGFR values between 26 and 77 ml/min/1.73m 2 at the time of follow-up analysis ( Table 1) . As expected, a statistically significant difference of electrolytes and parameters of mineral bone disorder before and after KTX was found on paired analysis. Weight and blood pressure remained largely unchanged. Cold ischemia time was 12 hours on average (Table 2) . Two patients suffered from diabetes mellitus while on hemodialysis; both remained on oral antidiabetic medication after KTX. Overall, four other patients suffered from posttransplant diabetes mellitus. At the time of the post-KTX analysis, none of them were still dependent on antidiabetic agents. From the time of transplantation to followup (mean 13±8 months), only one patient was affected by an episode of acute biopsy-proven cellular rejection (borderline according to the Banff 2013 criteria).
Immunosuppression consisted of standard triple therapy regimen with prednisone, tacrolimus and mycophenolate mofetil (MMF) in all patients but one, who ingested azathioprine instead of MMF. None of the analyzed patients ingested aldosterone antagonists. Yet, we were able to recruit a cohort with all forms of RAS blockade both on HD and after KTX (Table 3) .
RAS reconstitution after KTX
Absolute plasma renin concentrations (PRC) displayed a wide distribution range in HD patients (0.8-567 μIU/ml). Following KTX, PRC levels were distributed within much narrower margins than before (2.9-113.7 μIU/ml).
The principal RAS metabolites detected both on HD and after KTX were Ang I and Ang II, which is in line with previous findings. 24 Other angiotensins were either present at very low concentrations or not detectable at all, including Ang-(1-9), Ang-(2-7) and Ang-(3-7). On a patient-specific level, Ang I and Ang II levels showed varying behavioral patterns (increase, decrease or no change) after KTX (Figure 1 ).
Despite these inter-individual Ang variations, a strong correlation between renin and Ang I was found in nonACEi-treated patients on HD (Figure 2(a) , R 2 = 0.915, p < 0.001), while the renin/Ang II correlation was weaker (Figure 2(b) , R 2 = 0.660, p = 0.008). After renal function had been restored through KTX, the correlation persisted for Ang I (Figure 2(c) , renin/Ang I R 2 = 0.939, p < 0.001), while it profoundly improved for Ang II (Figure 2(d) , renin/Ang II R 2 = 0.918, p < 0.001). Neither before nor after KTX, a significant correlation pattern could be found between RAS parameters (renin, Ang I and Ang II) and aldosterone concentrations. 
RAS patterns according to medication groups
Both on HD and after KTX none of the patients on ACEi alone or on dual RAS blockade had detectable Ang II levels, demonstrating effectiveness of this enzymatic blockade ( Figure 3) . In contrast to this, each ARB patient displayed distinct Ang II levels. We further separately analyzed patients who did not undergo RAS blocker change between the two analyses (Table 4) . Here, we found that KTX led to an increase of all analyzed RAS components in ARB-treated patients, while a decrease of systemic RAS activity was observed in patients without RAS blockers. In ARB-treated patients the median Ang II/Ang I ratio, which directly reflects systemic ACE activity, was found to be 2.6 (IQR 3.9) during HD and decreased to 1.6 (1.5) after KTX. In line with these observations, patients without RAS inhibition also exhibited higher Ang II/Ang I ratios on HD (1.6 (1.8)) than after KTX (1.0 (1.1)).
Analyzing the alternative RAS, it is noteworthy that none of the analyzed HD patients exhibited measurable Ang-(1-7) concentrations and only one KTX patient (who was not taking any RAS blockade at the time of analysis) displayed detectable Ang- (1-7) concentrations. Yet, in almost all patients without RAS inhibition or with an ARB, Ang-(1-5) was detectable at low concentrations indicating an activation of the alternative RAS ( Table 4) .
The concentrations of both smaller molecules Ang-(2-8) and Ang-(3-8) increased after KTX in ARB-treated patients, while they decreased in those without RAS blockade.
Discussion
Here, we provide the first detailed assessment of systemic angiotensin regulation in maintenance hemodialysis patients who underwent successful KTX in the presence and absence of different RAS blockers.
RAS blockade has shown contradictory results with regard to clinical outcomes such as overall and graft survival after KTX. 8, 27, 28 However, little is known about underlying molecular effects that might explain the clinical effects taking place with this form of treatment. By employing a highly sensitive mass spectrometrybased angiotensin quantification method, new insights into the molecular angiotensin regulation are now available: In line with a recent analysis by Issa et al., who analyzed renin and aldosterone regulation in KTX recipients, 17 our patients also exhibited renin and aldosterone concentrations in a normal range after KTX. Intriguingly, renin concentration varied much less after transplantation, possibly due to a reinstated juxtaglomerular feedback mechanism.
Correspondingly, the first important finding of our study is that while angiotensin concentrations still vary after KTX, the correlation between renin and Ang II substantially improves after restoration of renal function. This implies the reconstitution of a direct dependency of Ang II concentrations on a renin-dependent mechanism, which may be explained by recovered stability of the intermediary product Ang I, the predominant substrate of ACE for Ang II formation under physiological conditions ( Figure  4) . It has been shown previously that the kidney can respond quickly to environmental stimuli under healthy conditions. 29 However, in states of renal failure the kidney's secretory and reabsorbing qualities are disturbed. 24 Hence, it may be hypothesized that the demonstrated amelioration of a regulatory renin feedback mechanism might depend on the organ donor RAS that is engrafted into the highly distorted recipient RAS. Correspondingly, angiotensin values were up-regulated after KTX in patients with ARB therapy, reflecting a healthy reaction to this mode of RAS blockade. Secondly, molecules representing the alternative RAS were present only at very low concentrations both before and after KTX. Roberts et al. showed in their 2013 analysis of HD and KTX patients that plasma ACE2 activity was lowest in HD and found slightly higher values of this essential alternative RAS enzyme after KTX. 30 Several other studies have shown that Ang-(1-7) concentrations are often very low or immeasurable in states of health and disease. 31, 32 While we did not measure ACE2 activity, we are the first to quantify the effector molecules of the alternative RAS in these patients. Our results suggest that Ang-(1-7) might be quickly metabolized to Ang-(1-5) in patients without ACE inhibitors as most patients without RAS blockade or on ARB had detectable Ang-(1-5) levels, indicating an ongoing activity of the alternative RAS axis. ACE blockade was effective in our study, as all patients with ACEi therapy had neither significant Ang II nor Ang-(1-5) levels. Even though clinical effects of Ang-(1-7) and Ang-(1-5) remain to be fully elucidated at this point, several analyses have shown promising results with regard to vasodilation, anti-inflammatory effects and secretion of atrial natriuretic peptide. 12, 33, 34 Thirdly, smaller RAS molecules, such as Ang-(2-8), which exerts functions similar to Ang II, 35 and Ang- (3) (4) (5) (6) (7) (8) , which is supposed to be involved in learning and memory, 36 were also analyzed. While values were undetectable in ARB patients and low in non-RASi patients on HD, a restoration of a physiological reaction (in particular higher concentrations in ARB-treated patients) occurred after KTX. This supports the notion that an adequately functioning RAS is strictly present in normal to only moderately reduced renal function and is distorted in end-stage renal disease.
We did not detect any correlations between the analyzed RAS components and aldosterone concentrations. This finding might signify that aldosterone regulation remains largely dependent on other factors than angiotensins in patients with renal failure, such as potassium-driven feedback regulation and/or blood volume. [37] [38] [39] This concept has been suggested in an earlier work by Kokot et al., who previously described that a "dissociation of the physiological relationship between aldosterone synthesis and function of the renin-angiotensin system" occurs following KTX. 40 Some limitations of our study need to be mentioned: The analysis is primarily descriptive as the number of included patients was small. Our intention was to gain comprehensive insight into the RAS regulation occurring with KTX through an exploratory study design; therefore, we intentionally included patients from different medication groups. Further, since our study only included patients early after renal transplantation (<1 year post-transplant), it will be highly interesting to analyze long-term transplanted patients. Chronic rejection and allograft dysfunction with progressive interstitial fibrosis might alter the relative distribution of RAS-processing enzymes including an increase of chymase expression due to increased mast cell infiltration, leading to a distortion of the RAS. 10, 41 On the other hand, an enhancement of beneficial RAS effects might become possible by selectively blocking classical and enforcing non-classical components in a reinstated, functioning system. 42 In conclusion, our study is the first analysis to demonstrate that the RAS undergoes distinct changes on a molecular lever after KTX. Although angiotensin concentrations vary considerably between patients, an intra-individual restoration of physiological RAS regulation takes place. Thus, the RAS becomes a relevant and customizable target for antihypertensive medication at least in the early period after KTX. 43 Further studies will be essential to study the regulation of the RAS also at later phases after transplantation and to translate our findings into clinically meaningful forms of optimized RAS blockade in renal transplant patients.
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